The superparameterized Community Atmosphere Model (SP- 
Introduction
It is well known that the Madden-Julian oscillation (MJO) can be sensitive to slowly varying sea-surface temperature (SST) patterns such as those forced by large-scale seasonal [Salby and Hendon, 1994; Zhang and Dong, 2004] and interannual (ENSO) effects [Fink and Speth, 1997; Kessler and Kleeman, 2000; Zhang and Gottschalck , 2002 ]. In contrast, the impact of smaller-scale, sub-basin background variations in SST in the MJO's genesis region is less clear. The Indian Ocean Dipole (IOD; Saji et al. [1999] ) modulates SSTs, low-level winds, precipitation, and upper-ocean dynamics in a regional pattern, sometimes independently of signals from the Pacific Ocean [Reverdin et al., 1986; Webster et al., 1999; Saji et al., 1999; Cai et al., 2014] . Low-frequency (seasonal to interannual) IOD activity is significantly correlated with high-frequency (subseasonal) variability such as the MJO [Shinoda and Han, 2005; Sooraj et al., 2009; Kug et al., 2009 ], but our understanding of the detailed mechanisms involved in this relationship is limited.
Improved understanding of the IOD-MJO nexus could help inform modern MJO theory and field campaign measurement deployments. MJO weakening has been noted in observations during the +IOD phase [Wilson et al., 2013] associated with reduced climatological low-level zonal westerlies [Inness et al., 2003; Zhang et al., 2006] . It is logical to expect that this could impede theorized MJO moisture advection dynamics [Maloney, 2009; Sobel and Maloney, 2013] or, through associated reduced easterly vertical shear, impede theorized MJO equatorial wave dynamics [Wang and Xie, 1996; Sooraj et al., 2009] . (MISMO; Yoneyama et al. [2008] ), in which suppressed MJO eastward propagation has been attributed to an amplified +IOD state [Yoneyama et al., 2008; Horii et al., 2008] .
Improved understanding of the +IOD phase impact on the MJO is also critical for tropical climate change dynamics. Projections from the Coupled Model Intercomparison Project phase 5 [Taylor et al., 2012] suggest the frequency of extreme +IOD events will increase by a factor of three by the end of the twenty-first century [Cai et al., 2013b [Cai et al., , 2014 .
Thus, if a robust +IOD MJO disruption effect exists, it could importantly counteract the striking thermodynamic amplification of the MJO seen in, e.g., Jones and Carvalho [2011] and Arnold et al. [2013 Arnold et al. [ , 2015 . Maloney and Xie [2013] point out that the MJO as simulated in their model can be highly sensitive to the spatial pattern of SST warming.
Motivated by the above, our strategy is to determine the impact of a perturbed +IOD SST forcing on the MJO in the superparameterized Community Atmosphere Model (hereafter, "SPCAM"; Khairoutdinov and Randall [2001] ; Khairoutdinov et al. [2008] ), a global climate model capable of producing realistic MJO disturbances [Benedict and Randall , 2009 ] while making minimal assumptions about moist convection [Grabowski and Smolarkiewicz , 1999; Khairoutdinov and Randall , 2003] . A secondary motivation is to discriminate the local Indian Ocean SST dipole effects from remote tropical Pacific SST anomalies that can also associate with the +IOD phase. This is relevant to an ongoing debate about the dependence [Dommenget, 2011; Zhao and Nigam, 2015] or independence [Saji and Yamagata, 2003; Fischer et al., 2005; Meyers et al., 2007] between the IOD and ENSO.
This study is not aimed at fully disentangling the potential IOD-ENSO link; however, we do demonstrate sensitivities in the simulated MJO response to perturbed SST conditions in different geographic sectors referenced from a single but representative +IOD event.
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The SPCAM experiment design and MJO compositing method are described in Section 2. Results from these simulations are presented in Section 3. Section 4 provides an interpretation of the results and a summary of the key findings.
Data, Model Setup, and Methods
Observed SST data, described in Hurrell et al. [2008] and currently available from https://climatedataguide.ucar.edu/climate-data/merged-hadley-noaaoi-sea-surfacetemperature-sea-ice-concentration- hurrell-et-al-2008 , are used to identify IOD events and provide lower boundary forcing in our SPCAM simulations. The gridded monthly data are optimized for use in CAM simulations and are bilinearly interpolated from their native 1°× 1°resolution to the model's T42 (2.8°) grid.
IOD amplitudes during the period January 1965-March 20012 are quantified using the Dipole Mode Index (DMI; Saji et al. [1999] ) and follow the methods of Saji and Yamagata [2003] . SST anomalies are computed by removing the climatological mean for each month, removing the long-term linear trend, removing low-frequency oscillatory signals with periods greater than 7 years, and removing intraseasonal signals by applying a 3-month running average. The results are area-averaged over the west Indian Ocean (WIO; 50°− 70°E, 10°S−10°N) and east Indian Ocean (EIO; 90°− 110°E, 10°S−0°S). The DMI is computed by standardizing the WIO−EIO difference. Because the IOD is seasonally phase locked with peak amplitude in the boreal fall [Saji et al., 1999] , we identify Octobers with DMI ≥ 1σ as +IOD events. Because a three-month running average has been applied to the SST data, the October DMI will contain some information from September and November. Unlike in Saji and Yamagata [2003] , the time-lagged ENSO-driven Indian
Ocean basin-average SST response is not removed from the data here. This should not
BENEDICT ET AL.: SIMULATED MJO AND IOD X -7 strongly influence identification of October IOD events because the Indian Ocean basinwide SST response occurs at least 4-5 months following the peak of ENSO events [Klein et al., 1999; Saji and Yamagata, 2003] , which typically reach a maximum amplitude in the boreal winter [Harrison and Larkin, 1998 ]. A weak +IOD-like pattern in Indian Ocean
SSTs during the October preceding the peak amplitude of a composite ENSO event is noted in Okumura and Deser [2010] , however. A more rigorous accounting of direct ENSO influences would likely reduce the magnitude of +IOD SST anomalies used in the present study.
A total of 8 October +IOD events were identified within the 1965-2012 period (1972, 1982, 1987, 1991, 1994, 1997, 2002, and 2006) . With the exception of 1991 and 1994, the remaining +IOD events had contemporaneous Niño3.4 indices [Trenberth, 1997] [Khairoutdinov et al., 2008; Benedict and Randall , 2009] . For computational efficiency, the interior cloud resolving models (CRM) are shrunk from the standard 128 km extent to 32 km extent, but this is not expected to impact the simulated MJO given its intrinsic insensitivity to CRM extent documented in . [Subramanian and Zhang, 2014; Ulate et al., 2015] .
Results

Connection Between MJO and SST Distribution
The geographic SST distributions and resulting MJO precipitation anomaly propagation for each SPCAM simulation are shown in Fig. 1 . Unless noted otherwise, here and for the remainder of this paper, anomalies are defined as perturbations from a smoothed calendar-day mean that are linearly detrended and smoothed with a 7-day low-pass filter.
During October, the warmest SSTs (Fig. 1a) , heaviest mean precipitation, and largest By several metrics, the 2006 +IOD event was one of the strongest in the 1965-2012 period [Werner et al., 2012; Wilson et al., 2013] . Coexisting SST anomalies resembling El Niño occur in the equatorial Pacific Ocean [Harrison and Larkin, 1998; Okumura and Deser , 2010] . Corresponding lag composites of precipitation anomalies appear in the right column of is noted between 110°− 130°E in accordance with observed propagation behavior (e.g., 
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Mean State
In this subsection we analyze the simulated basic state, focusing especially on two key questions: (1) what, if any, important changes in time-mean vertical wind shear or mean moisture occur that might reasonably have implications for MJO propagation; and (2) to what degree is the MJO disruption tropically vs. extratropically mediated?
We begin by analyzing the background vertical profile of zonal wind, which can strongly affect tropical intraseasonal disturbance propagation [Wang and Xie, 1996; Inness et al., 2003; Sooraj et al., 2009; Dias and Kiladis, 2014] . Sooraj et al. [2009] , who noted that subseasonal variability is more strongly dependent on vertical shear structure rather than U850 magnitude. However, we will also argue that other factors such as moisture availability may be especially important.
Additional realistic aspects of the basic state circulation and moisture content can be seen in Fig. 4 . Longitudinal cross sections of differences in vertical pressure velocity Rossby gyres centered at (15°N, 130°E) and (15°N, 170°E) with weaker gyres in the Southern Hemisphere. We note that moisture content strongly controls MSE in the tropical lower troposphere. The "moisture mode" hypothesis, one of several theories describing the MJO, posits that MJO convection is strongly dependent on moisture distribution and transport (e.g., [Sobel and Maloney, 2013] 
MJO and Subseasonal Variability
We now analyze the simulated MJO to further investigate the mechanisms involved in IOD-induced MJO disruption, beyond the mean state. Our MJO analysis method is inspired by recent literature from moisture mode theory in which mechanisms that modulate column humidity (nearly equivalent to column MSE in the weak temperature gradient environment of the Tropics; Sobel et al. [2001] ) are a key component in controlling MJO behavior [Yu and Neelin, 1994; Sobel et al., 2001; Raymond , 2002, 2005; Sugiyama, 2009a, b; Maloney, 2009; Hannah and Maloney, 2011; Maloney, 2012, 2013; Chikira and Sugiyama, 2013; Chikira, 2014; Sobel et al., 2014] . We begin by analyzing the left hand side of (1) (Fig. 5a , right side) and reaffirm that largescale buildup of MSE ahead of the MJO is associated with robust eastward propagation in all simulations, consistent with moisture mode theory.
We next identify horizontal MSE advection as an important mechanism that disproportionately maintains MJO propagation signals, through composite analysis of the individual column MSE budget terms [right hand side of (1) meridional advection term into various time scales results in:
where overbars denote a 51-day running average ("background variability"), x ′ denotes variability of x on the 17-51-day time scale computed using a bandpass filter ("MJO variability"), and x ′′ denotes variability of x on time scales less than 17 days computed using a highpass filter ("eddy variability"). Double-primed terms represent submonthly synoptic and mesoscale eddies. The terms in (2) have magnitude maxima near and below the mid-troposphere where the largest horizontal moisture gradients exist (not shown) and are generally positively correlated with height, suggesting that a vertical integral can represents well the spatial distribution of meridional MSE advection. Each term in (2) is integrated from 100 hPa to the surface, anomalies are computed, MJO composites are constructed as in (Fig. 5a) , and the resulting longitudinal composite snapshot is averaged from 110°− 160°E within the broad convectively suppressed phase. Composite residual magnitudes of (2) have an average < |0.5| W m −2 and a maximum < |2.5| W m −2 . (Fig. 1f) .
Most of the nine terms from the rhs expansion of the vertically integrated form of (2) contribute little to −[v(∂m/∂y)] (where [•] represents the mass-weighted integral
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This article is protected by copyright. All rights reserved. (∼ 110°− 120°E) match the location where time-mean equatorial 850 hPa zonal winds (U850) reverse from westerlies to easterlies (Fig. 2, left) ; easterly vertical shear of the zonal wind (USHEAR) weakens or reverses (Fig. 2, right) ; and subsiding, lower-MSE air is imported from the subtropics driven by Rossby-like gyres (Fig. 4) . On subseasonal scales, significantly limited accumulations of MSE-primarily resulting from weaker meridional advective moistening-occur ahead of MJO deep convection and impede its eastward propagation. The weaker meridional moistening is attributed to persistent submonthly eddy activity within an anomalously easterly sheared environment. The enhanced eddy activity permits mixing of drier subtropical air into the path of MJO deep convection and thus produces unfavorable conditions for sustained MJO eastward propagation.
Numerous caveats of this study must be acknowledged:
1. Atmospheric forcing from MJO disturbances significantly impacts the upper ocean on intraseasonal and interannual time scales and can generate subsequent feedbacks onto the atmosphere (Waliser et al. [2003]; Han et al. [2004] ; Duncan and Han [2012] ; see reviews in Kessler [2005] and DeMott et al. [2015] ). The absence of realistic air-sea interaction is a clear limitation of the present study. This could be viewed as a disadvantage, since interactive SSTs generally improve the MJO signal in climate models [Waliser et al., 1999; Stan et al., 2010; Benedict and Randall , 2011] 2. The quantitative assessment of the DMI could be improved (e.g., Werner et al.
[2012]). Subsurface (rather than surface) ocean temperatures were found to better discriminate internally generated IOD fluctuations from ENSO-driven impacts [Shinoda et al., 2004; Zhao and Nigam, 2015] . It would be worth exploring whether our finding of an insensitivity of MJO propagation to +IOD SSTs localized to the Indian Ocean is robust to the choice of IOD index. 4. An unknown sensitivity to the SST weighting mask geometry exists, but computational resources currently limit a more rigorous sensitivity analysis. The mask was constructed to capture emergent basin-scale SST features in the Indian and Pacific Oceans within a meridional range spanning latitudes of greatest MJO activity.
5. The MJO composite sample sizes-particularly for 2006Pac (11 events)-are marginally acceptable. This disadvantage has been hedged against by using a modern MJO identification scheme that nonetheless successfully isolates the most intense events producing clear propagation composites even in a limited sample, but we acknowledge even longer simulations would have been preferable.
Despite these limitations, several new and important contributions toward an improved understanding of how interannual SSTs influence the MJO are evident. The SPCAM forced with prescribed +IOD SSTs is able to reproduce observed atmospheric changes in the seasonal mean [Saji et al., 1999] and the MJO [Wilson et al., 2013] . More severe MJO weakening noted in Fig. 1d SSTs has been linked to weakened MJO propagation [Wilson et al., 2013] and suppressed subseasonal convection and zonal wind variability [Shinoda and Han, 2005] . However, the critical role of background low-level zonal wind and, perhaps more importantly, the vertical shear of the zonal wind for MJO propagation are also evident in our results. These findings are consistent with Kug et al. [2009] and Sooraj et al. [2009] who show that a transition to more westerly vertical shear of the background zonal wind during +IOD reduces observed and simulated MJO variability, respectively.
Our analysis indicates that multiscale subseasonal processes are also impacted by +IOD SSTs. During such conditions, a lack of column MSE accumulation ahead of MJO deep convection is associated with weaker horizontal MSE convergence driven in part by anomalously active submonthly meridional eddy mixing that entrains drier subtropical air into the Tropics. The fact that MSE transport and accumulation play a vital role in MJO propagation lends support to moisture mode theory [Sobel et al., 2001] . The overactive eddy mixing occurs with anomalous easterly vertical shear of the zonal wind during the MJO suppressed phase. Shinoda and Han [2005] find that submonthly variability is reduced rather than enhanced over the eastern equatorial Indian Ocean during +IOD conditions. However, those authors did not composite their results based on MJO phase as we have done. Kug et al. [2009] and Sooraj et al. [2009] also note that submonthly wind variability is negatively correlated with the IOD, but moisture fields were not examined in those studies as they are here.
The prominent role of synoptic eddy activity in modulating MJO energetics and moisture has been reported previously [Maloney and Dickinson, 2003; Maloney, 2009; Kiranmayi and Maloney, 2011; Andersen and Kuang, 2012; Sobel and Maloney, 2013] . Our 
